Introduction Vestibular schwannoma (VS) behavior following subtotal resection (STR) is highly variable. Overall progression rates have been reported as high as 44%, and optimal treatment is controversial. Correspondingly, identification of a reliable clinical or pathologic marker associated with progression after STR would help guide decision-making. Methods A prospectively maintained institutional VS registry from 1999 to 2014 was retrospectively reviewed for sporadic VS patients who underwent primary STR without preceding stereotactic radiosurgery (SRS) by a single neurosurgery-neurotology team. Primary endpoints included tumor progression and postoperative facial nerve function. Pathologic specimens were stained for Ki67, CD68, S100, and SOX10 and were quantitated by digital imaging analysis. Macrophage density was defined as the ratio of CD68 þ macrophages to S100 þ macrophages and Schwannian tumor cells. Clinical
Introduction
Vestibular schwannoma (VS) is a benign neoplasm arising from the Schwann cells investing the vestibular branches of cranial nerve VIII with myelin. When surgical resection is performed, extent-of-resection is the most important predictor of tumor control, as recurrence after gross total resection (GTR) has been reported in 0.05 to 9.2% of surgical series, whereas subtotal resection (STR) is followed by progression of residual tumor in up to 44%. [1] [2] [3] [4] [5] [6] [7] [8] [9] Optimal management after STR is contentiously debated, with various authors advocating for proactive stereotactic radiosurgery (SRS) of residual tumor, versus close observation followed by treatment with SRS or repeat microsurgery once tumor progression has declared itself. 10, 11 Still others advocate for planned STR followed by proactive SRS, to theoretically optimize postoperative facial nerve function. [12] [13] [14] Consequently, a pathologic marker predictive of tumor aggressiveness may greatly help inform clinical decision making regarding the role of proactive treatment of a tumor remnant after STR, and imaging surveillance intervals after GTR.
As with many other solid tumors, VS is characterized by intra-tumor inflammatory infiltrates, and the VS immune microenvironment is an area of active study with respect to both understanding of VS biology and the development of targeted therapies. 15 A major area of active research and debate is the nature of pro-tumoral and anti-tumoral activity that the immune system carries out within a broad range of solid neoplasms, including VS. [16] [17] [18] [19] [20] Macrophages-in particular, those of tumor-promoting M2 lineage-have been previously associated with VS growth in general and are noted to be present in higher concentration among those tumors with more robust angiogenesis and marked preoperative growth. 18, 21 However, the role of inflammation in predicting postoperative tumor and facial nerve behavior has not been clearly established-particularly in the setting of STR. Correspondingly, we sought to study the potential relationship between intratumoral macrophages and local control after STR in a large, single-institution series of VS. Pathologic analysis noted significantly higher CD68 staining among tumors that progressed, but not among tumors with unfavorable facial nerve outcomes; CD68 percent positivity was significantly higher among both tumors that progressed and tumors that had unfavorable facial nerve outcomes (►Tables 2 and 3; ►Fig. 2A). Ki67 index and positive staining for S100 and SOX10 were not significantly different between the groups, with respect to tumor control or facial nerve function. Higher macrophage density was significantly associated with both tumor progression and unfavorable facial nerve function (►Fig. 2B).
Methods Clinical and Radiographic Review

Discussion
Tumor progression may occur following STR and require further treatment with added cost and risk of additional patient morbidity. Although residual tumor growth is common, it affects fewer than half of patients after STR, and no clear biomarkers reliably predict progression. Correspondingly, critical decision-making-including the timing of, or indications for, postoperative SRS or additional surgery-remains a point of clinical controversy and is incompletely understood. In the present study, we sought to elucidate the possible role of macrophages as key players in the VS immune milieu, to assess their utility as a potential marker of outcomes after STR.
18,21 Preliminarily, we observed for the first time that higher levels of macrophage-predominant inflammation are associated with progression of residual tumor. More interestingly still, we noted that when the proliferative balance within the tumor microenvironment is shifted toward macrophages and away from Schwannian tumor cells, both tumor Macrophage density (CD68/S100; median (range))
Boldface type indicates statistical significance at α ¼ 0.05. Fig. 1 Low-(A, scale bar 3 mm) and high-powered (B, scale bar 300 μm) photomicrographs of a representative tumor section stained using H&E demonstrate prototypical vestibular schwannoma features including spindle-like tumor cells with tapered nuclei, Antoni B pattern changes against a myxoid stroma, and diffuse nonspecific inflammatory cell infiltration. Adjacent sections were stained via immunohistochemistry for Ki67, CD68, S100, and SOX10, with regions-of-interest selected for quantitative analysis outlined in green (C, scale bars 3 mm). H&E, hematoxylin and eosin.
progression and unfavorable facial nerve outcomes occur at a significantly higher rate. The observation of elevated CD68 among tumors that progressed is a logical extension of recent findings regarding macrophage activity in VS, in particular the work of de Vries et al. In a study of 68 sporadic VS, they first identified an association between CD68 þ macrophages and VS size and intratumoral angiogenesis; this was followed by an analysis comparing 10 fast growing VS to 10 slow growing VS, which more specifically examined the CD163 þ M2 macrophage subpopulation and demonstrated their association with accelerated tumor growth, as well as increased angiogenesis. 18, 21 Taken together, these findings and our own results suggest that macrophages are important markers of tumor growth throughout the stages of VS natural history and that they may act to down-regulate the overall immune response, potentiating tumor growth.
17
Consensus regarding the Ki67 index as a reliable marker of proliferation has been less unanimous, particularly with regard to its predictive value in the assessment of VS growth. While Niemzyk et al observed a significant correlation between elevated Ki67 index and tumor growth, GomezBrouchet et al and others have failed to demonstrate that elevated Ki67 is associated with tumor growth and have suggested that the stain may be subject to significant sampling bias when used in VS analyses. 21, 24, 25 We, as well, failed to find a correlation between Ki67 and tumor aggressiveness following STR, highlighting the need for a more reliable, sensitive, and specific marker of VS growth. The significance of the novel association we identified between macrophage density and both tumor progression and unfavorable facial nerve function raises several interesting points. S100 positivity is observed in both macrophages and Schwann cells in the tumor, meaning that the higher ratio of CD68 to S100 cells indicates a relative decrease in the fraction of cells staining for S100 alone. Our preliminary interpretation is that this signals a local change in which immune cell proliferation overtakes that of tumor cells and that this macrophage-predominant process is at minimum a marker of underlying, insidious changes within the tumor microenvironment that predispose to a more aggressive phenotype.
In addition to driving tumor growth, a more active intratumor immune milieu may result in heightened inflammation at the facial nerve-tumor interface, potentially predisposing to a more difficult dissection, and therefore a higher rate of poor facial nerve outcomes. Alternatively, increased inflammation may signal a sensitized facial nerve with diminished reserve, making it vulnerable to even minor manipulation. Similar phenomena have been theorized, for example, in the setting of delayed hemifacial spasm (HFS) after VS treatment with SRS. For instance, Pollock has noted that, when managed with medical agents targeted at reducing nerve irritation, such as steroids and anticonvulsants, HFS typically abates; whereas if the spasm was managed with tumor resection, the facial nerve was subject to an elevated risk of injury, likely due to scarring and inflammation at the facial nerve-tumor interface.
26,27
Our parallel finding of a significant, independent association between tumor progression and unfavorable facial nerve function lends additional support to the theory that pathologic inflammation underlies both processes-particularly given that there was not a significant difference in postoperative residual tumor volumes between the groups. This is made especially interesting by the counterintuitive nature of the finding: from a clinical perspective, one might conceptualize stable disease as a marker of a more aggressive resection, and therefore a risk factor for unfavorable facial nerve function. That we observed instead the inverse relationship suggests an alternative mechanism, in which a feature of the tumor microenvironment that was present at the time of resection (heightened inflammation) is associated with both a sensitized facial nerve that was predisposed to injury and a more proliferative tumor that will be more likely to progress following STR. While we cannot prove a correlation between intra-tumor inflammation manifest as increased macrophage density and tumor aggressiveness, we feel this is an important area of future research.
The potential clinical implications of our findings are more salient in terms of postoperative management. In patients known to harbor tumor remnants with heightened inflammation, closer surveillance may be warranted, while electing to delay SRS until progression might decrease the risk of complications, such as delayed facial nerve paralysis and HFS. Conversely, if a high-efficiency assay or pathologic technique were developed to provide intraoperative data such as macrophage density, this may helpfully inform intraoperative decision making, compelling the surgeon to either not engage the facial nerve altogether and proceed with deliberate STR followed by proactive SRS in a patient who strongly desired to avoid facial weakness or proceed with aggressive resection and anticipate facial weakness, with the goal of minimizing the long-term risk of recurrence in a tumor that is likely to be more difficult to treat.
Most importantly, the emerging role of macrophages in the VS tumor microenvironment highlights an important potential avenue for targeted therapies. Although it remains to be proven that the macrophages are indeed pro-tumor actors within the VS microenvironment, our findings provide some limited support that there may be clinical utility in the on-going efforts to develop agents that shift macrophage differentiation toward the M1 antitumor phenotype, as well as more conventional inhibitors of M2 macrophage attraction and induction. 16, [28] [29] [30] This is particularly of interest when considered in the context of our finding that some tumor fields were comprised of up to 93% macrophages, identifying a potentially robust target for biologic agents, which we suspect might have meaningful efficacy against tumors with at least 50% CD68 percent positivity. To this end, there already exists substantial research regarding the role of immunomodulatory agents across a wide variety of diseases, several of which we anticipate may ultimately prove relevant to the treatment of VS.
31
Of particular interest is aspirin, a well-characterized pharmaceutical with potent anti-inflammatory properties involving several key pathways, most prominently cyclooxygenase-2, and nuclear factor (NF)-κB. Recent analyses studying the in vivo response to aspirin prescribed for unrelated indications in patients with sporadic VS have shown significantly decreased tumor growth in both linear and volumetric analyses, as compared with patients not taking aspirin. 31, 32 Parallel in vitro findings have confirmed that aspirin therapy produces significant cyclooxygenase-2-mediated cytostatic inhibition of VS cell proliferation, highlighting an important avenue for prospective study, potentially to the end of a promising nearfuture immunomodulatory intervention using a safe and well-studied medication. 33 In our study, data regarding aspirin use was collected, but was ultimately excluded from the final analysis, due to significant heterogeneity in the retrospectively data extracted from our medical record. Among other factors, a meaningful and accurate analysis was prohibited by variability in patient dosing schemes and unclear or inconsistent documentation with regard to the timing of medication administration (e.g., was the medication chronically taken preoperatively, postoperatively, or both?), as well as any concomitant nonsteroidal anti-inflammatory drugs (NSAID) use. Concerns regarding patient recall bias were also weighed, given that most of the data were also retrospectively reported by the patients at the time of clinical consultation. The results of the present study are clearly preliminary and are subject to several significant limitations. Clinical data were retrospectively reviewed, and our group sizes were relatively small. In our pathologic analysis, we studied all CD68 þ macrophages, without discriminating between M1 and M2 subtypes. Furthermore, although we did find significant differences in both CD68 staining and macrophage density, the ranges of the groups did overlap, calling into question the ultimate value of this potential marker of tumor aggressiveness.
Conclusion
The tumor immune microenvironment in VS is an important area of active investigation. We feel this may ultimately reveal a marker for tumor behavior and provide a target for therapy. Tumors with higher CD68 staining were more likely to demonstrate tumor progression. Higher macrophage density was significantly associated with both tumor progression and unfavorable facial nerve function. Although qualified by the limitations detailed above, we hold that our analysis importantly advances our understanding of several interesting and provocative questions regarding pathologic inflammation in VS.
Financial Material and Support
Internal departmental funding was utilized without commercial sponsorship or support.
Conflicts of Interest
None.
Previous Presentation
Components of this manuscript were presented at the North American Skull Base Society 2017 annual meeting
